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Abstract 22 
Humans move their eyes several times per second, yet we perceive the outside world as continuous 23 
despite the sudden disruptions created by each eye movement. To date, the mechanism that the brain 24 
employs to achieve visual continuity across eye movements remains unclear. While it has been proposed 25 
that the oculomotor system quickly updates and informs the visual system about the upcoming eye 26 
movement, behavioral studies investigating the time-course of this updating suggest the involvement of a 27 
slow mechanism, estimated to take more than 500 ms to operate effectively. This is a surprisingly slow 28 
estimate because both the visual system and the oculomotor system process information faster. If 29 
spatiotopic updating is indeed this slow, it cannot contribute to perceptual continuity because it is outside 30 
the temporal regime of typical oculomotor behavior. Here, we argue that the behavioral paradigms that 31 
have been used previously are suboptimal to measure the speed of spatiotopic updating. In this study, we 32 
used a fast gaze-contingent paradigm, using high phi as a continuous stimulus across eye movements. We 33 
observed fast spatiotopic updating within 150 ms after stimulus onset. The results suggest the 34 
involvement of a fast updating mechanism that predictively influences visual perception after an eye 35 
movement. The temporal characteristics of this mechanism are compatible with the rate at which saccadic 36 
eye movements are typically observed in natural viewing. 37 
 38 
Significance statement 39 
Humans make frequent eye movements – about 3-4 times per second. Eye movements create changes in 40 
sensory input that the visual system should dissociate from changes in the outside world. Still, visual 41 
perception is introspectively undisrupted, but appears continuous. It has been hypothesized that the visual 42 
system anticipates the sensory changes based on a predictive signal from the oculomotor system. 43 
However, psychophysical studies suggested that this anticipation develops slowly; too slow for natural 44 
vision. Here, we examined the speed of this anticipation more closely using psychophysics and a motion 45 
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illusion. We observed fast anticipatory updating, quantifiable in human behavior. The time-scale at which 46 
the anticipation is reflected in behavior is compatible with typical fixation durations in natural viewing. 47 
\body 48 
Introduction 49 
Humans sample the visual world by making fast, ballistic eye movements: saccades (1). Because acuity is 50 
not homogenous across the visual field (2), the fovea is directed to those locations that need to be 51 
inspected in closer detail. Saccades are made frequently – roughly every 200 to 300 ms (Fig. 1C; (3) – 52 
causing stimuli to fall on different locations on the retina several times per second. Still, feedforward 53 
processing of visual information in the brain is even faster – it is possible to decode stimulus specific 54 
representations within 100 ms after stimulus onset (4), and humans can discriminate a peripheral object 55 
and make a saccade towards it in 120 ms (5, 6). However, given that the visual system is largely 56 
retinotopically organized (7), saccades repeatedly create temporal discontinuities and spatial instabilities 57 
in the retinotopic representations, posing a problem for continuity in visual processing. Yet 58 
introspectively most humans perceive a continuous and stable visual world without these distortions 59 
generated by saccades. 60 
 61 
How is perceptual continuity established? One prominent hypothesis is that the visual system anticipates 62 
the change in sensory input caused by a saccade based on a corollary discharge from the oculomotor 63 
system that carries information about the upcoming saccade (8, 9). Close to saccade onset, a subset of 64 
neurons respond to different retinotopic locations than they do under stable fixation (10–15). This 65 
anticipatory remapping of receptive fields could give rise to a transient non-retinotopic representation 66 
called spatiotopic updating (16, 17). Spatiotopic updating has been used to explain both the subjective 67 
impression of a continuous stream of visual perception across saccades (18, 19), as well as the objective 68 
psychophysical evidence for trans-saccadic integration of orientation, color, motion or higher-level 69 
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features (20–33). In these studies, a pre-saccadic probe affected perception of a post-saccadic stimulus at 70 
the same spatiotopic location.  71 
 72 
Because the oculomotor system executes about 3-4 saccades per second, spatiotopic updating should 73 
operate within a small time-window to facilitate perceptual continuity across saccades. Within a single 74 
fixation, pre-saccadic information should be updated and be available directly after the saccade. 75 
Concerning the post-saccadic availability, different experiments demonstrated that spatiotopic updating 76 
primarily affects perception immediately after saccades (20, 34–36). But concerning the pre-saccadic 77 
updating of visual information, spatiotopic representations have been estimated to develop surprisingly 78 
slow, requiring fixation durations of more than 500 ms (37–41). This raises a question: if visual 79 
processing is fast – content specific representations in 100 ms – and the saccade system is fast – 250 ms 80 
between two saccades – why is spatiotopic updating slow?  81 
 82 
We hypothesized that the apparent slow speed of spatiotopic updating resulted from the nature and 83 
interpretation of the psychophysical tasks that have been used. The tilt aftereffect (TAE) is one such 84 
example (37, 38), although updating of the TAE is not without controversy (42, 43). The TAE is a 85 
perceptual aftereffect where the perceived orientation of a test stimulus is changed after prolonged 86 
exposure of another oriented grating, the adapter. When the test stimulus is presented with an orientation 87 
away from the adapter, perceptual reports tend to be even further away from the adapter (44). Because the 88 
TAE is a slow process – still increasing in magnitude after 10 minutes (45) – it  might not be a 89 
particularly sensitive paradigm to investigate fast visual processing across saccades. To investigate 90 
spatiotopic updating, the TAE has been tested in a spatiotopic reference frame where a saccade was made 91 
between the presentation of the adapter and the test stimulus. The time-course of spatiotopic updating was 92 
inferred to take a long time because the TAE increases in strength when saccades were delayed. This 93 
increase continues for delays up to 1000 ms. Similar results were obtained for delayed saccades with 94 
saccadic suppression of intrasaccadic displacement (40) and perisaccadic mislocalization (41). However, 95 
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although the effects were strongest for the longest delays, they were already apparent even for short 96 
delays. Finally, it should be noted that in most trans-saccadic experiments, like these with the TAE, two 97 
essentially different stimuli are presented before and after the saccade, violating the assumption of a 98 
stable, continuous visual world across the saccade. Indeed, psychophysical evidence shows that when 99 
visual stimuli are continuous across saccades, observers perceive the continuity, whereas if reliable intra-100 
saccadic changes are made to the stimuli, observers expect stimuli to change during a saccade (46). To 101 
study visual continuity, the experimental stimulus should also be continuous (47).  102 
 103 
To test spatiotopic updating within the time-window of 250 ms before saccade onset, we used our 104 
recently developed psychophysical, gaze-contingent paradigm (20) with a fast motion illusion: high phi 105 
(48). This paradigm allows for the examination of the complete time-course of spatiotopic updating. In 106 
high phi, subjects see an annulus with a random low-pass filtered texture. This annulus rotates slowly 107 
(inducer), after which its texture is sequentially replaced by four different random textures (transient). 108 
This creates an illusory transient percept of a large rotational step in the opposite direction from the 109 
preceding inducer. Previous experiments with high phi have shown that high phi can be experienced with 110 
inducers as brief as 50 ms (Fig. 1B). In our previous study, we observed that it is possible to induce the 111 
illusion in a spatiotopic reference frame, when testing with long inducer previews (>500 ms). 112 
 113 
Here, we presented an inducer in the peripheral visual field (inducer preview) and asked subjects to make 114 
a saccade to the center of the inducer as soon as it appeared, i.e. visually guided saccades. After the 115 
saccade the inducer continued to rotate briefly (post-saccadic inducer), followed by the transient. If the 116 
rotational motion of the inducer preview is spatiotopically updated across the saccade, the rotational 117 
information of the preview should be added to the rotational information of the post-saccadic inducer, 118 
resulting in stronger high phi. Alternatively, if the rotational motion of the inducer preview is not (yet) 119 
spatiotopically updated, the strength of high phi is only related to the post-saccadic inducer. To test 120 
whether spatiotopic updating can indeed be observed within the temporal regime of visually guided 121 
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saccades (3), we kept the duration of the inducer preview as long as (Experiment 1) or shorter than 122 
(Experiment 2) the saccade latencies of our subjects. Thus, we were able to dissociate whether spatiotopic 123 
updating itself is slow, or whether updating occurs at a shorter time-scale but previous paradigms were 124 
not sensitive to this fast process. 125 
 126 
 127 
Figure 1. Experiment 1, design and results. A) High phi example (48). An annulus of random low-pass 128 
filter noise is presented around the point of fixation. The annulus starts rotating slowly (inducer), 129 
clockwise (CW) or counterclockwise (CCW). Then, the random noise texture is replaced rapidly by four 130 
different textures, 20 ms/texture (transient). The transient induces the percept of a large rotational step in 131 
the opposite direction from the inducer. The percept of a backward step is illusory because on average the 132 
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change of textures does not contain global motion in CW or CCW direction. B) Perceived step direction 133 
with high phi as a function of inducer duration. Observers indicate whether they perceived a CW or CCW 134 
step when the transient was presented. Their responses were recoded to forward (1) or backward (-1) with 135 
respect to the rotation direction of the preceding inducer. More negative numbers reflect a stronger bias to 136 
perceive backward steps, and thus a stronger high phi. High phi increases with longer inducers but is 137 
already apparent after brief inducers. C) Example distribution of fixation durations in natural viewing 138 
tasks (based on ref. (3). Comparing B and C, it can be noted that high phi can be induced within the 139 
temporal limits of a typical fixation. D) Gaze-contingent conditions in Experiment 1. The two conditions 140 
proceeded almost identically, with the only exception that the annulus remained static until saccade onset 141 
(Saccade static, black) or started rotating immediately upon onset (Saccade preview, yellow). Subjects 142 
maintained fixation until the annuli appeared. The dotted lines in the first panel were not actually visible 143 
but merely illustrate that the stimuli could appear at two locations (equal probability). The eye indicates 144 
gaze position in each panel. Arrows on the annuli illustrate that the annulus rotated in that phase of the 145 
trial. Median saccade parameters in row 2 and 3 were obtained from the trials that were included in the 146 
analysis. E) Model estimates of the average perceived step direction, where the error bars represent the 147 
95%-CI of the estimates obtained with non-parametric bootstrapping. 148 
 149 
Results 150 
Rapid spatiotopic updating 151 
In Experiment 1, we measured the strength of high phi in four conditions (see SI Appendix), two trans-152 
saccadic conditions (Fig. 1D) and two additional conditions where subjects maintained fixation to control 153 
for a spatial invariant effect (see next section Control for spatially invariant effect). The direct test for 154 
spatiotopic updating is the comparison between the two trans-saccadic conditions. In the Saccade preview 155 
condition, subjects were presented the inducer before saccade onset, whereas in the Saccade static 156 
condition, subjects were presented a static annulus before saccade onset. After the saccade the annulus 157 
8 
 
rotated briefly for 20 or 50 ms in both conditions, followed by the transient. Subjects indicated whether 158 
they perceived a large clockwise or counterclockwise step. We analyzed responses with a logistic linear 159 
mixed effects model, with condition and post-saccadic inducer duration as fixed effects. The estimated 160 
intercept of the model gives the log odds of the transient being reported as a forward rotational step in the 161 
Saccade preview condition. The other estimated coefficients (β) are relative to this intercept (Fig. 3A). A 162 
negative coefficient indicates a higher probability of perceiving the transient as a backward rotational 163 
step.  164 
 165 
Longer durations of the post-saccadic inducer lead to more frequent percepts of backward rotational steps 166 
(β = -0.36/10 ms, 95%-CI = [-0.41, -0.31], F(1,7957) = 80.98, p < 0.001). This shows that high phi 167 
rapidly increases in strength with longer inducers, similar to previous the results of previous experiments 168 
(20, 48). Importantly, if the inducer is previewed in the periphery before saccade execution (Saccade 169 
preview, Fig. 1E, yellow solid line), high phi is stronger than in the Saccade static condition after the 170 
saccade (Fig. 1E, black solid line; β = 0.63, 95%-CI = [0.33, 0.91], F(1,7957) = 17.54, p = 0.001). The 171 
preview effect can be interpreted as a spatiotopically transferred effect of the inducer preview: the visual 172 
system updated the location of the rotating inducer to a spatiotopic reference frame before the saccade. As 173 
a result, the inducer preview and the post-saccadic inducer jointly biased perception after the saccade, 174 
inducing a stronger high phi. We estimate that the preview resulted in an approximate 17.5 ms (95%-CI = 175 
[10.7, 27.3] ms) ‘head start’ in visual processing after saccades with latencies of 150 ms, by taking the 176 
ratio of the coefficient of the Saccade static condition (β = 0.63) and the coefficient of the post-saccadic 177 
inducer (β = -0.36/10 ms). This preview effect generalizes to annuli that cover different and more 178 
peripheral portions of the visual field (inner, outer radius = [2.6, 5.0]° and [6.0, 9.25]°), as observed in a 179 
control experiment with different subjects (SI Appendix). 180 
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 181 
Control for spatially invariant effect 182 
The observed spatiotopic preview effect could potentially be explained by a general, spatially invariant 183 
induction of high phi. Such an effect should also be observed without the execution of a saccade. 184 
Therefore, we measured high phi in two conditions without saccades, where subjects maintained fixation 185 
at the center of the screen and either an inducer (Fixation preview) or static annulus (Fixation static) was 186 
presented in the periphery before the annulus was presented around fixation (Fig. S1; SI Appendix). The 187 
results of the Fixation preview (Fig. 1E, yellow dashed line) condition demonstrate that a spatially 188 
invariant effect cannot fully account for the observed spatiotopic effect, because the illusion was less 189 
strong in the Fixation preview condition than in the Saccade preview condition (β = 0.37, 95%-CI = [0.11, 190 
0.63]; F(1,7957) = 10.13, p = 0.006). However, high phi in the Fixation preview condition was slightly 191 
stronger than in the Fixation static (Fig. S1A) condition (F(1,7957) = 7.85, p = 0.015). In short, we 192 
observed a limited spatially invariant effect but this cannot fully account for the trans-saccadic preview 193 
effect. 194 
 195 
 196 
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Figure 2. Experiment 2, design and results. A) Subjects fixated a fixation target for 250-500 ms. An annulus 197 
appeared in the periphery. The annulus remained static for 0, 50, 100 or 150 ms, and then started rotating. 198 
The annulus continued to rotate throughout the saccade and 20 or 50 ms after (post-saccadic inducer). If 199 
subjects moved their eyes before the annulus started rotating, it started rotating when gaze was detected >3º 200 
away from the fixation target. After the post-saccadic inducer, the texture of the annulus was replaced by 4 201 
different, random textures (20 ms/texture). Subjects indicated whether they perceived the change in textures 202 
as a step in CW or CCW direction. Responses were recoded to ‘backward’ and ‘forward’ with respect to 203 
the rotation direction of the preceding inducer. B) Estimated perceived step direction from the mixed effects 204 
model as a function of inducer preview (y-axis) and post-saccadic inducer (x-axis) . Brighter colors indicate 205 
more frequent percepts of backward steps. The range of the colormap goes from 0.25 to -0.75 to optimize 206 
color contrasts for the range of plotted values. 207 
 208 
Duration of pre-saccadic preview and strength of post-saccadic bias 209 
In Experiment 1, the inducer preview biased post-saccadic perception of the same stimulus when it was 210 
presented in the same spatiotopic location. In general, the strength of high phi depends on inducer 211 
duration. We examined whether the strength of the preview effect similarly depends on preview duration. 212 
In Experiment 1, the duration of the inducer preview coincides with saccade latency. We constructed a 213 
second mixed effects model, using only data from the Saccade preview condition. Preview duration and 214 
post-saccadic inducer duration were fixed effects, and we included random effects per subject for the 215 
fixed effects and inducer rotation direction. We compared this model to a null-model without a fixed 216 
effect for preview duration. Preview duration did not improve the model fit (χ2(1) = 0.82, p = 0.36), so it 217 
seems that the preview effect was not modulated by preview duration. However, if the preview effect is 218 
perceptual in nature it should be related to the strength of the preview. To test the limits of the preview 219 
effect, in Experiment 2 we uncoupled preview duration and saccade latency for even shorter preview 220 
durations than in Experiment 1. 221 
 222 
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In Experiment 2, each preview consisted of a mixture of a static annulus followed by an inducer preview 223 
(Fig. 2A; SI Appendix). The data were analyzed with a mixed effects model, with fixed effects for 224 
preview duration and post-saccadic inducer duration; random effects per subject. The model with preview 225 
duration as a fixed effect was a better fit for the data than the model without it (χ2(1) = 8.99, p = 0.003). In 226 
this model, a longer preview duration results in more frequent percepts of a backward step (Fig. 2B; β = -227 
0.05/10 ms, 95%-CI = [-0.07, -0.02], F(1, 3799) = 13.99, p < 0.001). In addition to the effect of the 228 
inducer preview, the post-saccadic inducer also induced a strong bias, similar to Experiment 1 (β = -229 
0.30/10 ms, 95%-CI = [-0.35, -0.25], F(1, 3799) = 91.90, p < 0.001). The estimated coefficients are 230 
displayed in Fig. 3B. In sum, both in Experiment 1 and 2 we observed spatiotopic updating within 150 ms 231 
after stimulus onset. Moreover, the duration of the preview increases the strength of the spatiotopic effect.  232 
 233 
 234 
Figure 3. Bootstrapped coefficient estimates of the mixed effects model from Experiment 1 (left panel) 235 
and Experiment 2 (right panel). Estimates are obtained with non-parametric bootstrapping (2000 236 
samples). Error bars represent empirical 95%-confidence intervals of the coefficient estimates. 237 
Experiment 1: the coefficient estimates of ‘Saccade static’, ‘Fixation preview’ and ‘Fixation static’ are 238 
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relative to the ‘Saccade preview’ condition. Experiment 2: the intercept refers to trials with 10 ms of 239 
preview and 10 ms of inducer. 240 
 241 
Discussion 242 
We examined spatiotopic updating of visual information across saccades. The current experiments 243 
demonstrate a fast updating mechanism in the visual system that predictively influences perception after 244 
an eye movement. We observed a direct link between post-saccadic perception and the strength of the 245 
pre-saccadic stimulus for stimuli that covered the parafovea after a saccade – in a control experiment (SI 246 
Appendix) we also observed this link for larger stimuli (inner, outer radius = [6.0, 9.25]°), in the same 247 
eccentricity range typically used in spatiotopic updating experiments (~5 to 10 degrees in the periphery). 248 
The time-scale on which this link is established is compatible with typical fixation durations observed in 249 
natural viewing (3) and represents a behavioral index of spatiotopic updating expressed as a perceptual 250 
bias in the direction of the pre-saccadic visual information, comparable to a 17.5 ms ‘head start’ in visual 251 
processing. 252 
 253 
The current study differs in two important aspects from the studies with tilt-adaptation to assess the time-254 
course of spatiotopic updating (37–39). First, the stimulus we used to assess spatiotopic updating is fast in 255 
nature. High phi can be induced in the order of tens of milliseconds, whereas tilt adaptation is typically 256 
induced in the order of hundreds of milliseconds (45). Second, the stimulus feature that had to be updated 257 
(inducer rotation direction) was stable and continuous across saccades, enabling the assessment of 258 
perceived visual continuity in an environment where the assumption of continuity across saccades is true 259 
(12, 46).  260 
 261 
Rapid spatiotopic updating is plausible when considering the speed of processing in the human visual 262 
system, which contains stimulus specific representations rapidly after stimulus onset – in the order of 100 263 
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ms – as demonstrated in psychophysical studies (5, 6) and neuroimaging studies (4). This rapidly acquired 264 
information is used by the visual system to predict the sensory changes induced by saccades. It facilitates 265 
post-saccadic visual processing by anticipating the post-saccadic retinal input based on pre-saccadic input 266 
(49). Three fMRI studies support this idea by showing spatiotopic and feature-specific repetition 267 
suppression (50–52). Repetition suppression in neurophysiological measures is observed when the same 268 
stimulus is presented twice (53). Hence, repetition suppression in spatiotopic coordinates can be 269 
interpreted as a neurophysiological measure of the visual system regarding the post-saccadic stimulus to 270 
be ‘the same’ as the pre-saccadic stimulus, even though it was presented at different retinotopic 271 
coordinates. Although these effects are in line with the current findings, the time-scale of fMRI studies is 272 
limited by the slow BOLD response. Interestingly, a recent EEG study provides more direct 273 
neurophysiological correlate of our behavioral findings (54). Edwards and colleagues used time-resolved 274 
decoding of a post-saccadic stimulus while varying the correspondence between the pre- and post-275 
saccadic stimuli. The post-saccadic stimulus could be decoded faster when it matched the pre-saccadic 276 
stimulus than when it was different from the pre-saccadic stimulus. This indicates that information about 277 
the pre-saccadic stimulus affects the neural responses to the post-saccadic stimulus in a way that suggests 278 
more efficient processing when the two stimuli match. The current results show that this fast facilitation 279 
in post-saccadic visual processing is not only reflected in neurophysiological measures but can be 280 
quantified in human behavior.   281 
 282 
Still, although we observed spatiotopic updating on a short time-scale, we would not generalize the results 283 
to all stimuli in the visual field. The reason for this caution is that while there is ample evidence in favor 284 
of spatiotopic updating of visual information, there are also studies that fail to observe this with either 285 
behavioral measures (42, 55, 56) or with fMRI (57). One important restriction on spatiotopic updating 286 
seems to be that it is limited to attended stimuli, passive visual stimulation does not automatically result 287 
in spatiotopic updating (47, 58). The introspective feeling of visual continuity thus could arise from a 288 
14 
 
match between the predicted post-saccadic retinal image and observed retinal image of an attended 289 
stimulus (49, 59).  290 
 291 
Predicting upcoming stimuli is a fundamental characteristic of the brain, as stated by theories of 292 
predictive coding (60). Anticipating the consequences of an upcoming saccade is a frequently recurring 293 
example of a scenario where the principles of predictive coding are applied (61–63). This anticipation 294 
could be implemented as a forward model (64), where a corollary discharge from the oculomotor system 295 
enables the dissociation between internal and external changes in retinal input (65). Here, we observed 296 
effects of a spatiotopic prediction on post-saccadic perception within the temporal regime of the typical 297 
latencies of visually guided saccades. With these findings, rapid spatiotopic updating of visual 298 
information is a plausible mechanism that contributes to perceptual continuity across saccades in natural 299 
viewing.  300 
 301 
Methods 302 
Subjects 303 
52 subjects (age: M = 22.6, range = [18,37], 26 female) with normal or corrected-to-normal acuity 304 
participated after giving written informed consent (N = 20 in Experiment 1, N = 12 in Experiment 2, N = 305 
20 in SI Appendix, Control Experiment). The sample size of Experiment 1 was based on the effect sizes of 306 
our previous study with high phi (20). The sample size in Experiment 2 was lower because we planned to 307 
make fewer statistical comparisons with fewer experimental conditions. This study was approved by the 308 
local ethical committee of the Faculty of Social Sciences of Utrecht University. All subjects were naïve to 309 
high phi prior to the experiments and completed a screening procedure (SI Appendix, screening) to ensure 310 
they could reliably report the motion direction of a rotating annulus. Moreover, we verified whether 311 
subjects perceived backward steps with high phi after a long inducer (500 ms; SI Appendix, screening; 312 
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Fig. S2). One subject was excluded from the dataset of Experiment 1 because of  a failure to meet this 313 
criterion (SI Appendix, preprocessing) 314 
 315 
Setup 316 
Stimuli were displayed on a 48.9º by 27.5º Asus RoG Swift PG278Q, an LCD-TN monitor with a spatial 317 
resolution of 52 pixels/º and a temporal resolution of 100 Hz (AsusTek Computer Inc., Taipei, TW). The 318 
ultra low motion blur backlight strobing option of the monitor was enabled (maximum pulse width) for 319 
higher temporal precision (66). Eye position of the left eye was recorded with an Eyelink 1000 at 1000 Hz 320 
(Sr Research Ltd., Mississauga, ON, Canada). The eye-tracker was calibrated using a 9-point calibration 321 
procedure. All stimuli were created and presented in Matlab 2016a (The Math Works, Inc., Natick, MA.) 322 
with the Psychophysics Toolbox 3.0 (67) and the Eyelink Toolbox (68). Visual onsets and eye-movement 323 
data were synchronized using photodiode measurements (SI Appendix, synchronization). 324 
 325 
Stimuli 326 
Stimuli were annuli (inner radius ≈ 3º, outer radius ≈ 6º) with random grayscale textures, created by low 327 
pass filtering random black (0.09 cd/m2) and white (88.0 cd/m2) pixels with a pillbox average (radius = 328 
1.24º). For rotating annuli the rotational velocity was 20º/sec. Fixation targets were black dots (radius ≈ 329 
0.2º) with a gray point in the center (radius ≈ 0.075º). All stimuli were presented on a uniform gray 330 
background (44.1 cd/m2). We tested the spatial generalizability of the preview effect observed in 331 
Experiment 1 by repeating the saccade conditions using stimuli with different radii (SI Appendix). 332 
 333 
Analysis 334 
Before the statistical analysis, eye movement data were preprocessed (SI Appendix, preprocessing) and 335 
visual onsets were aligned to the eye movement data based on photodiode measurements (SI Appendix, 336 
synchronization; Fig S5). We analyzed the perceived step direction (i.e. the probability of a ‘forward step’ 337 
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response: pforward) with a logistic linear mixed effects model (69). 𝑝𝑓𝑜𝑟𝑤𝑎𝑟𝑑 =
2
1+ 𝑒−(𝑋𝛽+𝑍𝑦)
− 1, where X is 338 
the design matrix, β is a vector with the fixed effects coefficients, Z the random effects design matrix and 339 
y the random effect coefficients. All estimates of fixed effects coefficients are reported relative to the 340 
intercept condition, here the Saccade preview condition with an inducer of 10 ms (Fig. 1D). In 341 
Experiment 1, the mixed effects model contained fixed effects of inducer duration and condition, and 342 
random effects of inducer duration, condition and inducer rotation direction per subject (SI Appendix, 343 
statistics Exp. 1). Condition was modelled as a categorical variable and inducer duration as a continuous 344 
variable. We only allowed inducer durations between 10 and 60 ms. We did not include the interaction 345 
between condition and inducer duration because a model comparison showed that, all other things kept 346 
equal, the interaction did not improve the model (χ2(3) = 4.16, p = 0.245). We compared conditions 347 
among each other with planned contrasts. Reported p-values for planned contrasts are corrected with the 348 
Holm-Bonferroni method (70). In Experiment 2, the model contained fixed effects for pre-saccadic 349 
inducer duration and post-saccadic inducer duration, and random effects of pre-saccadic inducer duration, 350 
post-saccadic inducer duration and rotation direction per subject (SI Appendix, statistics Exp. 2). Both 351 
inducer durations were modelled as continuous variables. We used non-parametric bootstrapping to 352 
obtain 95%-confidence intervals of the estimated fixed effects coefficients. 2000 bootstrap samples were 353 
constructed by stratified sampling from the original dataset, with stratification according to the fixed 354 
effects but not the random effects. Trials were sampled with replacement. Bootstrapped coefficient 355 
estimates and 95%-confidence intervals are displayed in Fig. 3. Individual variation across these estimates 356 
are displayed in Fig. S3.  357 
 358 
Saccade latencies 359 
We set out to investigate spatiotopic updating across saccades unconstrained latencies. Saccade latencies 360 
in natural viewing conditions are typically around 250 ms (3). In Experiment 1, the average median 361 
17 
 
saccade latency was 146 ms (range = 111-177 ms across subjects). In Experiment 2, the average median 362 
saccade latency was 136.8 ms (range = 112-178 ms across subjects). 363 
 364 
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All scripts and data are publicly available at Open Science Framework: DOI 10.17605/OSF.IO/HX5WP 366 
 367 
Acknowledgements 368 
We thank Pieter Schiphorst for his assistance in the synchronization of eye-movement data with the 369 
timing of visual onsets. This work was supported by VIDI grant 452-13- 008 from the Netherlands 370 
Organization for Scientific Research to S.v.d.S.  371 
18 
 
References 372 
1.  Findlay JM, Gilchrist ID (2003) Active Vision (Oxford University Press, Oxford, UK) 373 
doi:10.1093/acprof:oso/9780198524793.001.0001. 374 
2.  Curcio CA, Sloan KR, Kalina RE, Hendrickson AE (1990) Human photoreceptor topography. The 375 
Journal of Comparative Neurology 292(4):497–523. 376 
3.  Henderson JM, Hollingworth A (1998) Eye movements during scene viewing: An overview. Eye 377 
Guidance in Reading and Scene Perception, ed Underwood G (Elsevier Science Ltd., Oxford), pp 378 
269–293. 1st Ed. 379 
4.  Carlson T, Tovar DA, Alink A, Kriegeskorte N (2013) Representational dynamics of object vision: 380 
The first 1000 ms. Journal of Vision 13(10):1–1. 381 
5.  Kirchner H, Thorpe SJ (2006) Ultra-rapid object detection with saccadic eye movements: Visual 382 
processing speed revisited. Vision Research 46(11):1762–1776. 383 
6.  Crouzet SM (2010) Fast saccades toward faces: Face detection in just 100 ms. Journal of Vision 384 
10(4):1–17. 385 
7.  Wandell BA, Dumoulin SO, Brewer AA (2007) Visual Field Maps in Human Cortex. Neuron 386 
56(2):366–383. 387 
8.  Guthrie B, Porter J, Sparks D (1983) Corollary discharge provides accurate eye position information 388 
to the oculomotor system. Science 221(4616):1193–1195. 389 
9.  Sommer MA, Wurtz RH (2008) Visual Perception and Corollary Discharge. Perception 37(3):408–390 
418. 391 
10.  Duhamel, Colby C, Goldberg ME (1992) The updating of the representation of visual space in 392 
parietal cortex by intended eye movements. Science 255(5040):90–92. 393 
11.  Walker MF, Fitzgibbon EJ, Goldberg ME (1995) Neurons in the monkey superior colliculus predict 394 
the visual result of impending saccadic eye movements. Journal of Neurophysiology 73(5):1988–395 
2003. 396 
19 
 
12.  Mirpour K, Bisley JW (2012) Anticipatory Remapping of Attentional Priority across the Entire 397 
Visual Field. Journal of Neuroscience 32(46):16449–16457. 398 
13.  Zirnsak M, Steinmetz NA, Noudoost B, Xu KZ, Moore T (2014) Visual space is compressed in 399 
prefrontal cortex before eye movements. Nature 507(7493):504–507. 400 
14.  Neupane S, Guitton D, Pack CC (2016) Two distinct types of remapping in primate cortical area V4. 401 
Nature Communications 7:10402. 402 
15.  Wang X, et al. (2016) Perisaccadic Receptive Field Expansion in the Lateral Intraparietal Area. 403 
Neuron 90(2):400–409. 404 
16.  Crapse TB, Sommer MA (2012) Frontal Eye Field Neurons Assess Visual Stability Across Saccades. 405 
Journal of Neuroscience 32(8):2835–2845. 406 
17.  Cicchini GM, Binda P, Burr DC, Morrone MC (2013) Transient spatiotopic integration across 407 
saccadic eye movements mediates visual stability. Journal of Neurophysiology 109(4):1117–1125. 408 
18.  Melcher D, Colby CL (2008) Trans-saccadic perception. Trends in Cognitive Sciences 12(12):466–409 
473. 410 
19.  Higgins E, Rayner K (2015) Transsaccadic processing: stability, integration, and the potential role of 411 
remapping. Attention, Perception, & Psychophysics 77(1):3–27. 412 
20.  Fabius JH, Fracasso A, Van der Stigchel S (2016) Spatiotopic updating facilitates perception 413 
immediately after saccades. Scientific Reports 6(April):34488. 414 
21.  Jüttner M, Röhler R (1993) Lateral information transfer across saccadic eye movements. Perception 415 
& Psychophysics 53(2):210–220. 416 
22.  Wittenberg M, Bremmer F, Wachtler T (2008) Perceptual evidence for saccadic updating of color 417 
stimuli. Journal of Vision 8(14):1–9. 418 
23.  Demeyer M, De Graef P, Wagemans J, Verfaillie K (2009) Transsaccadic identification of highly 419 
similar artificial shapes. Journal of Vision 9(4):1–14. 420 
20 
 
24.  Ong WS, Hooshvar N, Zhang M, Bisley JW (2009) Psychophysical Evidence for Spatiotopic 421 
Processing in Area MT in a Short-Term Memory for Motion Task. Journal of Neurophysiology 422 
102(4):2435–2440. 423 
25.  Fracasso A, Caramazza A, Melcher D (2010) Continuous perception of motion and shape across 424 
saccadic eye movements. Journal of Vision 10(13):1–17. 425 
26.  Szinte M, Cavanagh P (2011) Spatiotopic apparent motion reveals local variations in space 426 
constancy. Journal of Vision 11(2):1–20. 427 
27.  Melcher D, Fracasso A (2012) Remapping of the line motion illusion across eye movements. 428 
Experimental Brain Research 218(4):503–514. 429 
28.  Harrison WJ, Bex PJ (2014) Integrating Retinotopic Features in Spatiotopic Coordinates. Journal of 430 
Neuroscience 34(21):7351–7360. 431 
29.  Oostwoud Wijdenes L, Marshall L, Bays PM (2015) Evidence for Optimal Integration of Visual 432 
Feature Representations across Saccades. Journal of Neuroscience 35(28):10146–10153. 433 
30.  Wolf C, Schütz AC (2015) Trans-saccadic integration of peripheral and foveal feature information is 434 
close to optimal. Journal of Vision 15(16):1–18. 435 
31.  Ganmor E, Landy MS, Simoncelli EP (2015) Near-optimal integration of orientation information 436 
across saccades. Journal of Vision 15(16):1–12. 437 
32.  Wolfe BA, Whitney D (2015) Saccadic remapping of object-selective information. Attention, 438 
Perception, & Psychophysics 77(7):2260–2269. 439 
33.  Zimmermann E, Weidner R, Fink GR (2017) Spatiotopic updating of visual feature information. 440 
Journal of Vision 17(12):1–9. 441 
34.  Jüttner M (1997) Effects of perceptual context on transsaccadic visual matching. Perception and 442 
Psychophysics 59(5):762–773. 443 
35.  Deubel H, Schneider WX, Bridgeman B (1996) Postsaccadic target blanking prevents saccadic 444 
suppression of image displacement. Vision Research 36(7):985–996. 445 
21 
 
36.  Deubel H, Bridgeman B, Schneider WX (1998) Immediate post-saccadic information mediates space 446 
constancy. Vision Research 38(20):3147–3159. 447 
37.  Zimmermann E, Morrone MC, Fink GR, Burr D (2013) Spatiotopic neural representations develop 448 
slowly across saccades. Current Biology 23(5):193–194. 449 
38.  Nakashima Y, Sugita Y (2017) The reference frame of the tilt aftereffect measured by differential 450 
Pavlovian conditioning. Scientific Reports 7(June 2016):40525. 451 
39.  Zimmermann E, Morrone MC, Burr DC (2014) Buildup of spatial information over time and across 452 
eye-movements. Behavioural Brain Research 275:281–287. 453 
40.  Zimmermann E, Morrone MC, Burr DC (2013) Spatial Position Information Accumulates Steadily 454 
over Time. Journal of Neuroscience 33(47):18396–18401. 455 
41.  Zimmermann E, Morrone MC, Burr D (2015) Visual mislocalization during saccade sequences. 456 
Experimental Brain Research 233(2):577–585. 457 
42.  Knapen T, Rolfs M, Wexler M, Cavanagh P (2010) The reference frame of the tilt aftereffect. 458 
Journal of Vision 10(1):1–13. 459 
43.  Mathôt S, Theeuwes J (2013) A reinvestigation of the reference frame of the tilt-adaptation 460 
aftereffect. Scientific Reports 3(1). doi:10.1038/srep01152. 461 
44.  Gibson JJ, Radner M (1937) Adaptation, after-effect and contrast in the perception of tilted lines. I. 462 
Quantitative studies. Journal of Experimental Psychology 20(5):453–467. 463 
45.  Greenlee MW, Magnussen S (1987) Saturation of the tilt aftereffect. Vision Research 27(6):1041–464 
1043. 465 
46.  Rao HM, Abzug ZM, Sommer MA (2016) Visual continuity across saccades is influenced by 466 
expectations. Journal of Vision 16:1–18. 467 
47.  Mirpour K, Bisley JW (2015) Remapping, spatial stability, and temporal continuity: From the pre-468 
saccadic to postsaccadic representation of visual space in LIP. Cerebral Cortex:bhv153. 469 
22 
 
48.  Wexler M, Glennerster A, Cavanagh P, Ito H, Seno T (2013) Default perception of high-speed 470 
motion. Proceedings of the National Academy of Sciences of the United States of America 471 
110(17):7080–7085. 472 
49.  Herwig A (2015) Transsaccadic integration and perceptual continuity. Journal of Vision 15:1–6. 473 
50.  Dunkley BT, Baltaretu B, Crawford JD (2016) Trans-saccadic interactions in human parietal and 474 
occipital cortex during the retention and comparison of object orientation. Cortex 82:263–276. 475 
51.  Zimmermann E, Weidner R, Abdollahi RO, Fink GR (2016) Spatiotopic Adaptation in Visual Areas. 476 
Journal of Neuroscience 36(37):9526–9534. 477 
52.  Fairhall SL, Schwarzbach J, Lingnau A, Van Koningsbruggen MG, Melcher D (2017) Spatiotopic 478 
updating across saccades revealed by spatially-specific fMRI adaptation. NeuroImage 479 
147(November 2016):339–345. 480 
53.  Grill-Spector K, Henson R, Martin A (2006) Repetition and the brain: Neural models of stimulus-481 
specific effects. Trends in Cognitive Sciences 10(1):14–23. 482 
54.  Edwards G, VanRullen R, Cavanagh P (2018) Decoding trans-saccadic memory. The Journal of 483 
Neuroscience 38(5):0854–17. 484 
55.  Knapen T, Rolfs M, Cavanagh P (2009) The reference frame of the motion aftereffect is retinotopic. 485 
Journal of Vision 9(5):16.1–7. 486 
56.  Mathôt S, Theeuwes J (2013) A reinvestigation of the reference frame of the tilt-adaptation 487 
aftereffect. Scientific Reports 3:1152. 488 
57.  Lescroart MD, Kanwisher N, Golomb JD (2016) No evidence for automatic remapping of stimulus 489 
features or location found with fMRI. Frontiers in Systems Neuroscience 10(June):1–19. 490 
58.  Melcher D (2009) Selective attention and the active remapping of object features in trans-saccadic 491 
perception. Vision Research 49(10):1249–1255. 492 
59.  Cavanagh P, Hunt AR, Afraz A, Rolfs M (2010) Visual stability based on remapping of attention 493 
pointers. Trends in Cognitive sciences 14(4):147–53. 494 
23 
 
60.  Rao RPN, Ballard DH (1999) Predictive coding in the visual cortex: A functional interpretation of 495 
some extra-classical receptive-field effects. Nature 2(1):79–87. 496 
61.  Friston K, Adams RA, Perrinet L, Breakspear M (2012) Perceptions as hypotheses: saccades as 497 
experiments. Frontiers in Psychology 3(May):1–20. 498 
62.  Spratling MW (2017) A predictive coding model of gaze shifts and the underlying neurophysiology. 499 
Visual Cognition 6285:1–32. 500 
63.  Vetter P, Edwards G, Muckli L (2012) Transfer of predictive signals across saccades. Frontiers in 501 
Psychology 3(JUN):1–10. 502 
64.  Crapse TB, Sommer MA (2008) The frontal eye field as a prediction map. Progress in Brain 503 
Research 171(08):383–390. 504 
65.  Cavanaugh J, Berman RA, Joiner WM, Wurtz RH (2016) Saccadic corollary discharge underlies 505 
stable visual perception. Journal of Neuroscience 36(1):31–42. 506 
66.  Zhang GL, et al. (2018) A consumer-grade LCD monitor for precise visual stimulation. Behavior 507 
Research Methods:1–7. 508 
67.  Kleiner M, Brainard DH, Pelli DG (2007) What’s new in Psychtoolbox-3. Perception 36(14):1–16. 509 
68.  Cornelissen FW, Peters EM, Palmer J (2002) The Eyelink Toolbox: Eye tracking with MATLAB 510 
and the Psychophysics Toolbox. Behavior Research Methods, Instruments, & Computers 34(4):613–511 
617. 512 
69.  Bates D, Mächler M, Bolker BM, Walker SC (2015) Fitting linear mixed-effects models using lme4. 513 
Journal of Statistical Software. 514 
70.  Holm S (1979) A simple sequentially rejective multiple test procedure. Scandinavian Journal of 515 
Statistics 6(2):65–70. 516 
 517 
 518 
 519 
24 
 
Supplementary Information for 520 
 521 
The time course of spatiotopic updating across saccades 522 
 523 
Jasper H. Fabius, Alessio Fracasso, Tanja C.W. Nijboer & Stefan Van der Stigchel 524 
 525 
Correspondence should be addressed to: Jasper Fabius 526 
Email:  j.h.fabius@uu.nl 527 
 528 
This PDF file includes: 529 
Supplementary text 530 
• Experimental procedures 531 
o Experiment 1 532 
o Experiment 2 533 
o Screening 534 
• Control Experiment 535 
o Introduction 536 
o Methods 537 
o Results 538 
o Discussion 539 
• Data analysis 540 
o Preprocessing 541 
o Synchronization of visual onsets and eye-movements 542 
• Statistics Experiment 1 543 
• Statistics Experiment 2 544 
Supplementary Figures: Figs. S1 to S6  545 
25 
 
Experimental Procedures 546 
 547 
Experiment 1 548 
With Experiment 1 we tested the hypothesis that visual information can be spatiotopically updated 549 
in a time window as short as the saccade latency. Subjects performed a gaze-contingent version of the high 550 
phi illusion (Fig. 1D). Each trial started with a drift check of 500 ms at the central fixation target (target 551 
radius ≈ 0.2º, radius of ROI for fixation control = 3º), followed by an additional fixation period of 250-500 552 
ms. Then, an annulus with a random texture appeared, with its center 15º either to the left or to the right of 553 
the fixation target (equal probability). Subjects made a saccade to the center of the annulus. To increase the 554 
variability of the saccade latencies, we varied the synchrony of stimulus onset and fixation target offset 555 
with gaps of -150, 0 or 150 ms, taking advantage of the gap-effect (1). Saccades were slower with longer 556 
temporal overlap (Fig. S4). Importantly, before the saccade was executed, the annulus was either static 557 
(Saccade static) or rotated with 20º/s (Saccade preview). In case of the Saccade static condition, the annulus 558 
started rotating during the saccade, i.e. as soon as gaze position was ≥3º away from the initial fixation target. 559 
The annulus rotated for another 20 or 50 ms after saccade offset (the post-saccadic inducer), i.e. when gaze 560 
was detected within ≤2º of the saccade target. Then, the texture of the annulus was rapidly replaced by four 561 
different random textures (20 ms/texture). Subjects indicated whether they perceived a rotational step 562 
clockwise or counterclockwise (2AFC). Responses were recoded to forward (1) and backward (-1) with 563 
respect to the rotation direction of the preceding inducer. Trials were presented in 12 blocks of 48 trials, 564 
where the following factors were presented factorially in random order within a block: preview 565 
(static/inducer), post-saccadic inducer duration (20/50 ms), inducer rotation direction (CW/CCW), saccade 566 
direction (L/R) and gap duration (-150/0/150 ms).  567 
 568 
Subjects also performed two control conditions in separate blocks to test whether high phi can also 569 
be induced for a transient around fixation but with an inducer in the periphery. In these conditions we 570 
matched the visual input as close as possible to the saccade conditions while subjects maintained fixation 571 
during the whole trial (Fig. S1A). Subjects were presented a fixation target in the center of the screen. After 572 
250-500 ms of stable fixation, an annulus with a random texture appeared in the periphery, at the same 573 
location as in the Saccade conditions. Again, this peripheral annulus was either static (Fixation static) or 574 
rotated with 20º/s (Fixation preview). For each trial, the duration of the peripheral annulus was sampled 575 
from the distribution of saccade latencies that were collected in the saccade conditions. The distributions 576 
were estimated via non-parametric kernel density estimation, bounded on the closed interval [80, 500] ms. 577 
This sampling procedure was performed per individual subject, to match the durations of visual input 578 
between conditions with and without saccades as accurately as possible (Fig. S1B). Next, the peripheral 579 
stimulus disappeared, and the screen was blank (apart from the central fixation point) for a duration that 580 
was sampled from the smoothed distribution of saccade durations in the conditions with saccades. This 581 
sampling procedure was similar to the aforementioned sampling procedure, with the difference that it was 582 
bounded on the closed interval [20, 80] ms (Fig. S1C). The blank was followed by an annulus presented 583 
around the central fixation target. This annulus had the same random texture as the peripheral annulus and 584 
rotated for 20 or 50 ms (akin to the post-saccadic inducer in the conditions with a saccade). Then, the texture 585 
was replaced by four other random texture (20 ms/texture), after which subjects gave their response. In the 586 
Fixation static condition, we implemented an additional ‘post-saccadic inducer’ duration of 500 ms, to test 587 
whether a long, and therefore strong, inducer reliably induces the high phi illusion in every subject. We 588 
used the Fixation preview condition to test for a spatially invariant effect of the inducer. Blocks with and 589 
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without saccades were interleaved. Before the start of the experiment, subjects practiced one block with 590 
and one without saccades. For the actual experiment subjects completed 6 blocks of the Fixation conditions 591 
and 12 blocks of the Saccade conditions. 592 
 593 
Experiment 2 594 
The data from Experiment 1 show that even within a time window as brief as the latency of a 595 
visually guided saccade, pre-saccadic perception of a stimulus biases post-saccadic perception of the same 596 
spatiotopically localized stimulus. With Experiment 2 we examined whether the duration of the pre-597 
saccadic preview affects the strength of the post-saccadic bias. As suggested previously, spatiotopic 598 
updating might become detectable with behavioral measures only when sufficiently long saccade latencies 599 
are allowed. Here, we worked the other way around, where we tried to minimize the observed 600 
spatiotopically induced bias, since we already observed a bias with short saccade latencies. Therefore, we 601 
decoupled saccade latency and preview duration in Experiment 2 by making each preview a mixture of a 602 
static preview followed by an inducer preview. Yet note that under natural viewing conditions, the preview 603 
duration is as long as the saccade latency (like in Experiment 1). The task in Experiment 2 was similar to 604 
Experiment 1. However, rather than being presented with either a static preview or an inducer preview 605 
(Experiment 1), subjects were presented with a mixture of both (Fig. 2A). Specifically, when the annulus 606 
appeared in the periphery, it started rotating after a delay 0, 50, 100 or 150 ms. Again, subjects were 607 
instructed to make a saccade to the center of the annulus immediately after the onset of the annulus. Thus, 608 
the total inducer preview duration was determined both by the saccade latency of the subjects and the 609 
rotation delay of the stimulus and continued rotating for either 20 or 50 ms after saccade offset. 610 
Additionally, subjects performed trials where they maintained fixation, and the inducer and transient were 611 
presented around the fixation point. These trials included no peripheral inducers. Subjects practiced one 612 
block of the Saccade condition, and one block of the Fixation condition. In the actual experiment, subjects 613 
completed 6 blocks of 24 trials of the Fixation condition and 24 blocks of 32 trials of the Saccade condition. 614 
 615 
Screening 616 
Long inducers – The high phi illusion is a subjective, non-random interpretation of a random 617 
stimulus: the direction of the transiently changing textures is interpreted as a large rotational step in 618 
backwards direction with respect to the preceding rotational motion. To make sure the illusion could 619 
successfully be induced in all subjects, we verified the perceptual interpretation of the transient after a long 620 
inducer (500 ms) in the Fixation static conditions in both experiments. An inducer of 500 ms should evoke 621 
a strong percept of a large backward step (cf. Wexler et al. 2013; Fabius et al. 2016). Subjects would be 622 
excluded when their binomial confidence interval would include 0, i.e. no clear sign of a successfully 623 
induced high phi illusion with a strong inducer. All but 1 subject reliably reported backward jumps with 624 
this long inducer (Fig. S2). One subject was excluded from the analysis based on this criterion (Subject 19 625 
in Experiment 1). 626 
 627 
Large physical step – Because the high phi illusion is a subjective measure, we verified whether 628 
subjects were able to accurately dissociate the direction of a physical rotational step – i.e. not illusory – 629 
from the rotation direction of a slowly rotating inducer. All subjects performed a screening experiment prior 630 
to the main experiment. In the screening, subjects fixated a fixation target on the left (-10º), center (0º) or 631 
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right (10º) side of the screen. A static annulus appeared after 500 ms of stable fixation at the fixation target 632 
(i.e. all recorded gaze samples were within 3º of the fixation target). The annulus remained static for 600 633 
ms, and then rotated clockwise or counterclockwise for 1000 ms., akin to a long inducer in the high phi 634 
illusion. Rotational velocity was 20º/sec, i.e. rotational steps of 0.2º presented at 100 Hz (the refresh rate of 635 
our monitor). After the rotation, the annulus made a rotational step of 12º and stopped rotating. Subjects 636 
indicated the direction of the large step by pressing the left arrow (‘counterclockwise’) or right arrow 637 
(‘clockwise’). The direction of the large step, the direction of the preceding rotational motion and the 638 
location were counterbalanced over 36 trials (3 repetitions per combination). To assess accuracy, we 639 
computed the proportion correct responses over all trials. Every subject performed well above chance level 640 
(p = 0.5) in Experiment 1 (M = 0.95, range = 0.81-1.00) and Experiment 2 (M = 0.97, range = 0.75-1.00).  641 
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Control experiment 642 
Introduction 643 
To investigate spatiotopic updating for more peripheral targets we decided to test the preview effect 644 
from Experiment 1 with stimuli of different sizes. The rationale here is that although the annuli in 645 
Experiment 1 are not stimulating the fovea after the saccade – and so do not coincide with the saccade target 646 
– they are closer to the fovea (inner radius of the annulus = 3°) than typically seen in similar experiments 647 
on spatiotopic updating, which is usually between 5 and 10 degrees. In this control experiment, we used 648 
annuli with different radii than in Experiment 1, one smaller (inner radius = 2.6°, outer radius = 5°) and one 649 
larger (inner radius = 6°, outer radius = 9.25°). It is important to remark that the eccentricity range for the 650 
large annulus lies in the same eccentricity regimes typically seen in spatiotopic updating experiments (5-10 651 
degrees in the periphery). Most importantly, the larger annulus’ distance from the initial fixation point and 652 
the saccade target is almost the same on the vertical midline of the screen, i.e. the retinal stimulation before 653 
and after the saccade was parafoveally (2). See Figure C1 for an illustration of these sizes. When accounting 654 
for the cortical magnification factor, the surface of these two sizes was roughly equal, although smaller than 655 
the surface of the stimuli in Exp. 1 and Exp. 2. 656 
 657 
Methods 658 
We repeated the Saccade conditions from Experiment 1, i.e. 50% of trials contained a preview of 659 
the inducer before saccade onset, on the other 50% the inducer was static until the saccade had started. 660 
Additionally, the annulus could be large or small. Within a block of 64 trials, all unique combinations of 661 
preview (with/without), annulus size (small/large), saccade direction (left/right), rotation direction 662 
(cw/ccw) and inducer duration (20/50 ms) were repeated twice. Subjects completed 15 of these blocks.  663 
Additionally, before the Saccade conditions, subjects completed 3 blocks of a Fixation condition, 664 
where subjects were required to maintain fixation at a fixation point (either on the left or right side of the 665 
screen, similar to the locations used in the Saccade conditions). The High phi illusion was then presented 666 
around that fixation point. Each block in the Fixation condition consisted of 48 trials.  667 
Similar to Exp. 1 and Exp. 2, we only included participants who scored above chance level on a 668 
screening test, where we presented an inducer of 1 s, followed by a physical step of 12°. Next, we only 669 
included data in the analysis from participants who reliably reported backward jumps after a long inducer 670 
(500 ms) in an additional Fixation condition. 2/20 subjects were excluded based on the second criterion. 671 
Additionally, we applied the same inclusion criteria that are summarized in the SI Appendix 672 
(Preprocessing). In Exp. 3, the 95th percentile of saccade latencies (inclusion criterion 6) was 480 ms, and 673 
the 2.5th and 97.5th percentiles of the manual response times were 310 and 1413 ms.  674 
Analysis of the data was identical to the analysis of Experiment 1. We analyzed the data for the 675 
small and large stimuli separately with generalized linear mixed effects models. These models had the same 676 
fixed and random effects structure as the model that was used to analyze Exp. 1. With these models, we 677 
performed non-parametric bootstrapping to obtain 95% confidence interval of the fixed effect coefficients 678 
and model predictions. 679 
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 680 
Figure C1. Design of the control experiment. The size of the stimulus was changed with respect to 681 
Experiment 1 and 2. One annulus had a slightly smaller inner and outer radius than the annulus used in 682 
Experiments 1 and 2, and the other annulus had an inner radius that was similar to the outer radius as the 683 
annulus in Experiment 1 and 2. The surface of these two annuli were roughly comparable when accounting 684 
for the cortical magnification factor, although smaller than the stimuli used in Experiment 1 and 2. FP = 685 
initial fixation point. ST = saccade target, only one saccade target and stimulus would be shown on each 686 
trial. Stimulus sizes were counterbalanced across screen sides. 687 
 688 
Results 689 
The average median saccade latencies in trials with the small annulus was 161 ms (range = 117-690 
261 ms), and 164 ms in trials with the large annulus (range = 119-276 ms).  691 
Both for the small and the large annulus, the perceived step direction became more biased to 692 
backward steps with increased post-saccadic inducer durations (small annulus: β = -0.23, 95%-CI = [-0.29, 693 
-0.16], F(1, 4953) = 90.58, p <0.001; large annulus: β = -0.42, 95%-CI = [-0.51, -0.31], F(1, 3640) = 88.15, 694 
p <0.001). So, for both annulus sizes, the High phi illusion could reliably be induced.  695 
Regarding the preview effect for the small annulus, the observed bias in the Saccade Static 696 
condition was smaller than in the Saccade Preview condition (∆β = 0.48, 95%-CI = [0.29, 0.69], F(1, 4953) 697 
= 5.48, p = 0.019). Similarly, for the large annulus the observed bias in the Saccade Static condition was 698 
also smaller than in the Saccade Preview condition (∆β = 0.60, 95%-CI = [0.25, 0.93], F(1, 3640) = 7.20, p 699 
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= 0.007). To estimate the size of the preview benefit in time we took the ratio between the effect of the 700 
post-saccadic inducer per 10 ms and the difference between the Saccade static and Saccade preview 701 
conditions. For the small annulus this preview benefit is 20.9 ms (bootstrapped 95%-CI = [11.6, 32.2] ms), 702 
for the large annulus this is 14.3 ms (bootstrapped 95%-CI = [7.4, 24.6] ms). See Figure C2 for an 703 
illustration of the estimated perceived step direction per condition and per inducer duration for the two 704 
different annulus sizes. See Figure C3 for the bootstrapped model estimates. 705 
 706 
Figure C2. Model estimates of the average perceived step direction, where the error bars represent the 707 
95%-CI of the estimates obtained with non-parametric bootstrapping. The perceived step direction became 708 
more biased to backward steps with increased post-saccadic inducer duration both for the small and the 709 
large annulus. Additionally, there was a stronger bias in the Saccade preview condition (yellow) than in 710 
the Saccade static condition (black), for both annulus sizes. 711 
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Figure C3. Bootstrapped coefficient estimates of the generalized linear mixed effects model from trials with 712 
a small annulus (left panel) and trials with a large annulus (right panel). Estimates are obtained with non-713 
parametric bootstrapping (2000 samples). Error bars represent empirical 95%-confidence intervals of the 714 
estimated coefficients. The estimated coefficients of the ‘Saccade static’ conditions are relative to the 715 
‘Saccade preview’ conditions in each panel. The bias to backward steps is observed in the Saccade preview 716 
condition is larger than in the Saccade static for both the small and the large annulus. 717 
 718 
Discussion 719 
In this control experiment, we replicated the spatiotopic preview effect from Experiment 1. 720 
Moreover, we measured and observed spatiotopic updating of the inducer effect for an annulus that was 721 
presented in the peripheral, parafoveal visual field. This larger annulus stimulated peripheral parts of the 722 
visual field in which previous effects of spatiotopic updating have also been observed. These findings 723 
demonstrate that rapid spatiotopic updating can be observed at different locations than the saccade target.  724 
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Data analysis 725 
 726 
Preprocessing 727 
We only included subjects who could reliably report the direction of rotational steps in the screening 728 
(Experiment 1: N = 20/20, Experiment 2: N = 12/12) and whose responses showed a successful induction 729 
of the high phi illusion in trials with a long inducer (500 ms) in the Fixation static condition (Experiment 730 
1: N = 19/20, Exp. 2: N = 12/12). One subject (Experiment 1) was excluded because she did not report 731 
significantly more backward steps when the high phi illusion was presented with this long inducer (Fig. 732 
S2). Even though our paradigm was gaze-contingent, we determined post-saccadic inducer durations 733 
offline. Saccades were detected offline using the native SR Research saccade detection algorithm. The 734 
timing of the onset of the stimuli was determined by the timestamps in the Eyelink datafile, corrected for 735 
the input lag of 11 ms of the monitor, as measured with a photodiode (SI appendix, Synchronization). Next, 736 
we only included trials in the analysis where  737 
1) the primary saccade had an amplitude > 12º 738 
2) the primary saccade started and ended within 2º of the fixation points (or, in case of Fixation 739 
conditions, where the median gaze position over 50 ms after preview onset and inducer onset was 740 
within 2º of the fixation points) 741 
3) the primary saccade started before the gaze-contingent onset (at least 10 ms) 742 
4) the primary saccade ended after the gaze-contingent onset (at least 10 ms) 743 
5) the primary saccade had a minimum latency of 80 ms after stimulus onset  744 
6) the primary saccade had maximum latency no higher than the 95th percentile of all saccades that 745 
were included after applying criteria 1 to 4 (Experiment 1: 320 ms, Experiment 2: 242 ms) 746 
7) where the manual response time was within the 2.5th and 97.5th percentile of all the trials after 747 
applying criteria 1 to 4 (Experiment 1: 331-1244 ms, Experiment 2: 320-1240 ms) 748 
8) where the post-saccadic inducer duration was in the closed interval [20, 60] ms in Exp. 1, or [10, 749 
60] in Exp. 2.  750 
9) Another inclusion criterion in Experiment 2 was that the inducer preview duration had to be in the 751 
closed interval [10, 140] ms.  752 
With these criteria we included 7962 trials in Experiment 1 (42.9% of all trials) and 5436 trials in 753 
Experiment 2 (49.7% of all trials). For the main analysis of Experiment 2, only the trials from the saccade 754 
condition were used (3802 trials, 41.3% of all saccade trials). 755 
 756 
Synchronization of visual onsets and eye-movements 757 
Introduction – For the analysis of the reported experiments, we synchronized eye-movement data 758 
from the Eyelink data file (EDF) with stimulus onset (as determined by the timestamps in the EDF). During 759 
the experiments, timestamps were sent to the EDF immediately after PsychToolbox reported that the 760 
vertical retrace had started. That is, we used the function Eyelink(‘Message’) immediately after using 761 
Screen(‘Flip’). With these timestamps in the EDF, we determined in which trials our online-gaze contingent 762 
algorithm performed correctly (e.g. starting the rotation of the inducer during the saccade rather than after 763 
the saccade in the Saccade static condition). Hence, to ensure that we only included trials where the stimulus 764 
was indeed rotating before the saccade had ended, we only included trials where the time difference between 765 
the timestamp of the onset of the inducer and the offset of the saccade was larger than 10 ms (i.e. the 766 
duration of 1 frame at 100 Hz). This criterion was also applied to Induce Preview trials. Thus, we entered 767 
only those trials in the analysis where the gaze-contingent onset was at least 10 ms before the offset of the 768 
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saccade. This method of synchronizing stimulus presentation with eye movement data is only valid if the 769 
timestamp in the EDF was indeed synchronized with stimulus onset. However, this is most likely not the 770 
case for most LCD monitors because they suffer from input lag (a delay introduced in the hardware of the 771 
monitor). To accurately synchronize eye movement data and visual stimulation we measured the input lag 772 
of our monitor with a photodiode that was fed directly into the printer port of the Eyelink host PC.  773 
 774 
Methods – We used a photodiode (sampling rate = 10 kHz) connected to an Itsy Bitsy 775 
microcontroller board (Adafruit Industries, New York City, NY). The output of the Itsy Bitsy was sent to 776 
the parallel port (printer port) of the Eyelink host PC, to the 11th pin (‘busy’ pin). With a custom-written 777 
Matlab script, using the Psychophysics toolbox and Eyelink toolbox, we changed the luminance of the 778 
screen every frame. We tested 4 transition transitions from full dark to 25%, 50%, 75% or 100% luminance. 779 
Luminance thresholds for the output were set to 80% of the required luminance level in a given 780 
measurement. After the script commanded a luminance change (with the Psychophysics toolbox’s 781 
Screen(‘Flip’) function) a message was sent to the Eyelink data file (using the Eyelink toolbox’s 782 
Eyelink(‘Message’) function). Simultaneously, we recorded the output of the photodiode directly into the 783 
Eyelink data file. We should note that our LCD monitor uses a feature that is not common in all LCD 784 
monitors, called ‘ultra low motion blur’ (ULMB). With ULMB turned on, the backlight of the LCD panel 785 
is strobing at the same rate as the refresh rate of the monitor, in our case 100 Hz (see Fig. S5 for 786 
measurements made with oscilloscope). This makes the monitor effectively similarly suited for visual 787 
psychophysics as traditional CRT monitors, as recently described by Zhang and colleagues (2018). Because 788 
the backlight is strobing, this means that a transition from 100% bright to 50% bright is in fact a transition 789 
from 100% to 0% to 50% luminance. We made several photographs from measurements with an 790 
oscilloscope to demonstrate this feature of the screen (Figure S6). Given that the screen is always dark 791 
between two frames, and the photodiode is a binary signal, we can only consider changes from dark to a 792 
certain luminance value. For each luminance level, we reversed the luminance 2000 times (i.e. 1000 from 793 
bright to dark and 1000 from dark to bright). We compared the differences between the timestamp of the 794 
message and the time of change in photo diode output. 795 
 796 
Results and discussion – There was a consistent delay of 11.0 ms (s.d. = 0.5 ms) between the 797 
timestamp and the time of contrast reversal as measured with the photodiode (Fig. S6A). This is 798 
numerically similar to the input lag measured by Zhang and colleagues (3). The delays were similar 799 
across different vertical locations. To correct for the measured input lag, we added 11 ms to all the 800 
timestamps in the EDF that indicated the onset of a visual stimulus before we performed our analyses and 801 
before we applied the in/exclusion criteria to individual trials. Timings of post-saccadic inducer onsets 802 
over eye-positions are visualized in Fig. S6B.  803 
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Statistics Experiment 1 804 
We analyzed the responses from Experiment 1 with four factors in the following model, with a logit link 805 
function. The analysis was run in Matlab 2016a, with the ‘fitglme’ function from the Statistics package. 806 
 807 
Model structure 808 
Experiment 1 was designed to test for effects of post-saccadic inducer duration and differences in 809 
offset between conditions. Thus, we constructed a mixed model with two fixed effects, one for condition 810 
and one for post-saccadic inducer duration. For completeness, we compared the model with these fixed 811 
effects against two alternative models with different fixed effects (see below). For the random effects, we 812 
allowed the size of the fixed effects to vary across subjects, because in most psychophysical experiments 813 
the effect sizes can vary across observers. Additionally, we added a random effect of rotation direction that 814 
we allowed to vary per subject. This third random effect was included to dissociate a perceptual bias from 815 
a response bias. There is a two stage rationale for this. First, the number of trials per rotation direction could 816 
not be balanced a priori, because the trial exclusion based on saccade parameters was performed pos-hoc. 817 
Second, theoretically, subjects could have a default response of, for example, pressing the ‘right’ button. If 818 
a subject with such a bias would also have more trials – after trial exclusion – with counterclockwise 819 
rotations, it would seem as though this subject would have a perceptual bias for reporting backward steps, 820 
whereas in fact he was just pressing the same button and hence a response bias. We account for this 821 
possibility by adding a random effect of rotation direction to vary per subject.  822 
 823 
Formula 824 
response ~ condition + inducer + (1 + condition + inducer + rotation | subject) 825 
 826 
Factors 827 
 Factor Class Levels Code 
0 Response Categorical backward 
forward 
0 
1 
1 Condition Categorical saccade preview 
fixation static 
fixation preview 
saccade control 
0 
1 
2 
3 
2 Post-saccadic inducer duration Continuous 20 ms 
⋮ 
60 ms 
1 
⋮ 
5 
3 Inducer rotation direction Categorical clockwise 
counterclockwise 
0 
1 
4 Subject Categorical 1 
⋮ 
19 
1 
⋮ 
19 
 828 
 829 
Model comparison 830 
The design of the model for the analysis of Experiment 1 was defined by our experimental 831 
questions. However, we did examine whether adding an interaction term to the model would improve the 832 
fit. In addition, as a sanity check we compared our model against a model with the same random effects, 833 
but without any fixed effects. 834 
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Final model 835 
response ~ condition + inducer + (1 + condition + inducer + rotation | subject) 836 
 837 
Interaction model 838 
response ~ condition * inducer + (1 + condition + inducer + rotation | subject) 839 
 840 
Null model 841 
response ~ 1 + (1 + condition + inducer + rotation | subject) 842 
 843 
Final model vs. Interaction model 844 
Theoretical Likelihood Ratio Test 845 
    Model             DF  AIC    BIC    LogLik     LRStat  deltaDF  pValue 846 
    finalModel        26  8775   8956.5 -4361.5                                847 
    interactionModel  29  8776.8 8979.3 -4359.4    4.155   3        0.2452 848 
 849 
Final model vs. Null model 850 
Theoretical Likelihood Ratio Test 851 
    Model             DF  AIC    BIC    LogLik     LRStat  deltaDF  pValue     852 
    nullModel         22  8795.5 8949.1 -4375.8                                    853 
    finalModel        26  8775   8956.5 -4361.5    28.543  4        9.6774e-06 854 
 855 
Bootstrapped GLME estimated coefficients.  856 
Coefficients obtained with non-parametric empirical bootstrapping. For the bootstrapping procedure we 857 
randomly sampled an equal number of responses per inducer duration per condition as in the original model 858 
(i.e. stratification over the fixed effects), without stratifying over the random effects (i.e. subject and 859 
rotation direction). Thus, for each sample we had 7962 observations, and we re-fitted our original model 860 
with these random sample of trials. This sampling and re-fitting was repeated 2000 times. To obtain 861 
confidence intervals on the estimated coefficients, we calculated empirical confidence intervals. That is, 862 
taking the difference between the original model estimates and all the bootstrap estimates: δ = bbootstrap - 863 
bmodel. The bias-corrected estimate of a given coefficient is defined as b = bmodel - δ0.5, and the 95% 864 
confidence interval is [bmodel - δ0.025, bmodel – δ0.975].  865 
 866 
Planned comparisons between conditions.  867 
All estimated coefficients in the mixed effects model of Experiment 1 are relative to the Fixation static 868 
condition with a post-saccadic inducer of 20 ms. However, to answer all our experimental questions we 869 
also compared conditions among each other with planned comparisons. The reported p-values are Holm-870 
Bonferroni corrected for multiple comparisons. Stars indicate a significant difference with an alpha of 0.05. 871 
 872 
Saccade preview  vs Fixation static,  F(1, 7957) = 36.80, p < 0.0001* 873 
Saccade preview  vs Fixation preview, F(1, 7957) = 10.13, p = 0.0059* 874 
Saccade preview  vs Saccade static,   F(1, 7957) = 17.54, p = 0.0001* 875 
Fixation static  vs Fixation preview, F(1, 7957) = 7.85,  p = 0.0153* 876 
Fixation static  vs Saccade static,   F(1, 7957) = 0.90,  p > 0.05 877 
Fixation preview vs Saccade static,   F(1, 7957) = 2.14,  p > 0.05  878 
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Statistics Experiment 2 879 
Model comparison 880 
 881 
Formulae 882 
Final model 883 
response ~ preview + inducer + (1 + preview + inducer + rotation | subject) 884 
 885 
Interaction model 886 
response ~ preview * inducer + (1 + preview + inducer + rotation | subject) 887 
 888 
Null model 889 
response ~ inducer + (1 + preview + inducer + rotation | subject) 890 
 891 
Final model vs. Interaction model 892 
Theoretical Likelihood Ratio Test 893 
    Model             DF  AIC    BIC    LogLik     LRStat  deltaDF    pValue 894 
    finalModel        13  4041.0 4122.2 -2007.5                                895 
    interactionModel  14  4040.6 4128.0 -2006.3    2.3889 1          0.1222 896 
 897 
Final model vs. Null model 898 
Theoretical Likelihood Ratio Test 899 
    Model             DF  AIC    BIC    LogLik     LRStat  deltaDF    pValue     900 
    nullModel         12  4048.0 4122.9 -2012                                    901 
    finalModel        13  4041.0 4122.2 -2007.5    8.9919  1          0.0027  902 
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 903 
Fig. S1. A) Experiment 1, control conditions. The visual input from the experimental saccade conditions 904 
was mimicked as close as possible, without the execution of a saccade. The two control conditions 905 
proceeded almost identically, with the only exception that the peripheral annulus (panel 2) remained static 906 
(Fixation static) or rotated (Fixation preview). Subjects maintained fixation at a fixation target in the center 907 
of the screen over the entire course of a trial. The dotted lines in the first panel were not visible but merely 908 
illustrate the stimuli could appear at two locations (equal probability). The eye indicates required gaze 909 
position in each panel. Arrows on the annulus illustrates that the annulus rotated in that phase of the trial. 910 
Median duration of the peripheral stimulus (panel 2) and the blank (panel 3) were sampled from the saccade 911 
parameters from the experimental conditions. B) Histogram with durations of peripheral preview in control 912 
and experimental conditions from Experiment 1. The duration of the peripheral inducer in the control 913 
conditions (dashed lines) was sampled online from the distribution of saccade latencies (for each subject 914 
individually. Durations of the saccade latencies (solid lines) are corrected for the delay between timestamp 915 
and visual onset. C) Histogram with the durations of the blanks in the control conditions (dashed lines) and 916 
saccade durations (solid lines) in the experimental conditions. The duration of the blank in the control 917 
conditions was sampled from the distribution of the saccade durations in the experimental conditions.  918 
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 919 
Fig. S2. Perceived step direction in the Fixation static condition with an inducer duration of 500 ms. Upper 920 
panel Experiment 1. Lower panel Experiment 2. Forward steps are coded +1 and backward steps -1. The 921 
average response for each subject is plotted. Subjects are ordered by the strength of their response bias. 922 
Error bars represent the binomial 95%-confidence interval. 923 
924 
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 925 
Fig. S3. Individual biases per condition in Experiment 1. First bar is the bias as estimated by the generalized 926 
linear mixed effects model (error bars are 95% bootstrapped confidence intervals). X tick labels refer to 927 
subject ID. In each panel, subjects are ordered by effect size. For each subject, the average response 928 
(converted to log odds) per condition with a post-saccadic inducer of 20 or 50 ms. The difference between 929 
these averages was divided by 3 to get an estimate of the effect of the post-saccadic inducer of 10. Then, 930 
we took the average response after 20 ms of post-saccadic inducer and subtracted the effect of 10 ms 931 
inducer. Thus, we had an estimate of the bias after 10 ms of post-saccadic inducer per condition per subject.  932 
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 933 
Fig. S4. Average saccade latencies in Experiment 1 in the Saccade Preview (yellow) and Saccade static 934 
(black) conditions. Error bars represent 1 standard error of the mean over subjects. Gap duration is defined 935 
as the time of fixation target offset minus the time of stimulus onset. A two-way repeated measures analysis 936 
of variance showed the gap modulation had a significant effect on saccade latencies (F(2,36) = 31.815, p < 937 
0.001), with no significant difference between the two preview conditions (F(1,18) = 1.065, p = 0.316), nor 938 
a significant interaction between gap duration and preview condition (F(2,36) = 1.298, p = 0.285).  939 
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 940 
Fig. S5. Photographs of oscilloscope measurements of different luminance transitions. Luminance was 941 
changed every 5 frames while the monitor was running at 100 Hz, and with the native backlight strobing 942 
feature enabled with pulse width of 100%. The desired luminance level was reached within the first frame 943 
when the luminance was changed. For large transitions there was a small ramp within the first frame (best 944 
visible in the third panel, 12.5% - 75% luminance).  945 
42 
 
 946 
Fig. S6. Synchronization of visual onsets and timestamps in Eyelink datafile (EDF). A) Average input lag 947 
in ms between visual onset (as measured with a photodiode) and the timestamp in the EDF. Lags were 948 
measured at three different locations on the left side of the screen (see legend). Delays were measured from 949 
black to different luminance levels (see x-axis). Error bars represent interval including 95% measured 950 
delays. Rounded to whole milliseconds, all measured input lags were 11 ms. B) Horizontal gaze position 951 
over time, where time is normalized to saccade onset and offset. Red patch is the onset of the post-saccadic 952 
inducer in all trials that were included in the analysis, where the transparency reflects the density of onsets. 953 
This onset is the based on the timestamp in the EDF and corrected by 11 ms based on the photodiode 954 
measurement as displayed in A. The upper panel includes all trials from the Saccade static condition. The 955 
bottom panel includes all trials from the Saccade preview condition.  956 
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